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ABSTRACT The entomopathogenic nematodes Steinernema carpocapsae (Weiser) and S.
glaseri (Steiner) are pathogenic to engorged adult, blacklegged ticks, Ixodes scapularis (Say),
but not to unfed females, engorged nymphs, or engorged larvae. Nematodes apparently enter
the tick through the genital pore, thus precluding infection of immature ticks. The timing of
tick mortality, and overall mortality after 17 d, did not differ between infections by S. car-
pocapsae and S. glaseri. These nematodes typically do not complete their life cycles or produce
infective juveniles in 7. scapularis. However, both species successfully produced infective ju-
veniles when the tick body was slit before nematode infection. Mortality of engorged /. sca-
pularis females infected by S. carpocapsae was greater than uninfected controls, but did not
vary significantly with nematode concentration (50-3,000 infective juveniles per 5-cm-diameter
petri dish). The LC50 was 347.8 infective juveniles per petri dish (5 ticks per dish). Hatched
egg masses of infected ticks weighed less than those of uninfected controls. Mortality of
infected ticks was greatest between 20 and 30°C, and was lower at 15°C.
KEY WORDS Ixodes scapularis, Steinernema carpocapsae, Steinernema glaseri,
pathogenicity
SEVERAL METHODS ARE currently used to manage
populations of Ixodes scapularis Say (=/. dammini
Spielman, Clifford, Piesman & Corwin [Oliver et
al. 1993]), the principal vector of Lyme disease in
North America (Piesman and Gray 1994). Acari-
cidal treatment, host manipulation, and habitat
modification have shown variable success (Wilson
and Deblinger 1993). These techniques also vary
in their potential for negative environmental ef-
fects (Ginsberg 1994) and for the development of
resistance by ticks (Solomon 1983). Potential
biological control agents have been described, in-
cluding the chalcid wasp, Hunterellus hookeri
(Howard), and general predators such as ground-
dwelling birds, but their efficacy has not been
demonstrated (Mather et al. 1987, Duffy 1991).
In conducting the research described in this report, the inves-
tigators adhered to the "Guide for the Care and Use of Laboratory
Animals," as promulgated by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Re-
sources, National Research Council. The facilities are fully ac-
credited by the American Association of Laboratory Animal Care.
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Steinernematid and heterorhabditid nematodes
act as biocontrol agents against several soil-inhab-
iting insect species (Poinar 1979, Kaya 1990). The
infective juvenile, which is the only free-living
stage, persists in the upper soil layer where it seeks
hosts by chemotactic orientation (Gaugler 1980,
Kaya 1985). Persistence of infective juveniles de-
pends on moisture, temperature, and nature of the
soil and can be affected by the presence of para-
sites and predators (Kaya 1990). Once the infective
juvenile enters the host, it releases symbiotic bac-
teria of the genus Xenorhabdus, which kills the
host by septicemia (Akhurst 1982, Poinar 1986).
Apparently, both nematodes and bacteria are re-
quired for substantial mortality of arthropod hosts
(Dunphy and Thurston 1990). Each species of en-
tomopathogenic nematodes has a characteristic Xe-
norhabdus species (Akhurst 1980). Steinernema
carpocapsae (Weiser) and S. glaseri (Steiner) are
associated, respectively, with X. nematophilus
(Poinar and Thomas) and X. poinarii (Akhurst)
(Akhurst and Boemare 1990).
These nematodes are pathogenic to a broad
range of arthropod hosts including Japanese bee-
tles, Popillia japonica (Newman) (Coleopetra:
Scarabaeidae), black vine weevils, Otiorhyncus sul-
catus (F.) (Coleopetra: Curculionidae), termites,
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Reticulitermes spp. (Isoptera: Rhinotermitidae),
Mediterranean fruit fly larvae, Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae) (Klein 1990),
cat flea larvae, Ctenocephalides felis (Bouch6) (Sih-
poneptera: Pulicidae) (Silverman et al. 1982), and
spiders, Pholcus phalangiodes (Fuesslin) (Arach-
nida) (Poinar 1989).
Unfortunately, there have been few studies on
the susceptibility of ticks to entomopathogenic
nematodes. Steinernema carpocapsae (strain All)
and Heterorhabditis bacteriophora (Poinar) (strain
HP88) are pathogenic against Boophilus annulatus
(Say) females (Samish and Glazer 1992, Maul6on
et al. 1993), but Amblyomma variegatum (F.) and
B. microplus (Canestrini) are resistant to these
nematodes (Barr6 et al. 1991, Maule"on et al.
1993). S. glaseri and S. carpocapsae inhabit the
upper layer and the surface of the soil, which is
also the habitat of engorged I. scapularis after
drop-off from hosts. In this article, we examine the
pathogenicity of S. carpocapsae and S. glaseri to
engorged I. scapularis.
Materials and Methods
Steinernema carpocapsae (strain All) and S. glas-
eri (strain 326) were used in this study. Nematodes
were reared on larval wax moths, Galleria mello-
nella (L.) (Lepidoptera: Pyralidae) (Poinar 1979,
Woodring and Kaya 1988). Freshly collected infec-
tive juvenile nematodes from dead wax moth lar-
vae were used for tick infestation.
Ticks were reared and maintained in the labo-
ratory. Larvae, nymphs, and females were fed, on
white footed mice, Syrian hamsters, and New Zea-
land white rabbits, respectively. All hosts were
maintained, handled, and used in this research ac-
cording to protocols approved by the Institutional
Animal Care and Use Committee (protocol A9394-
008) at the University of Rhode Island. All 3 stages
of I. scapularis were challenged with S. carpocap-
sae and S. glaseri. Pathogenicity of these nema-
todes was tested against engorged larvae, engorged
nymphs, engorged females that had dropped off
during the previous 24 h and unfed females.
Steinernema carpocapsae and S. glazeri survive
best at low moistures (Kaya 1990). A high relative
humidity is required for best survival of /. scapu-
laris (Daniels et al. 1989). The bioassay was per-
formed under conditions designed to provide an
adequate environment for both nematodes and
ticks. Infective juveniles of each nematode species
were suspended in water. Five engorged I. sca-
pularis females were placed in 5-cm-diameter pe-
tri dishes on filter paper (Whatman No. 1) and
challenged with a concentration of 500 infective
juveniles of S. carpocapsae or S. glaseri (0.5 ml of
nematode suspension). Water only was applied to
the control petri dishes. Each treatment was rep-
licated 3 times. Dishes were incubated in a humid
chamber (90% RH) at 23.5°C in the dark and tick
mortality was recorded daily. The same test was
repeated using 5 unfed females, 10 engorged lar-
vae, and 10 engorged nymphs.
Development of the nematodes in ticks was
studied by dissecting ticks under a stereo micro-
scope 21 d after death. The tick cadavers were sur-
face-sterilized and bled, and drops of hemolymph
were streaked on Tergitol (T7) agar plates contain-
ing triphenyltetrazolium chloride (TTC) (Akhurst
1980). Xenorhabdus sp. diagnosis was based on the
shape and color characteristics of the colonies.
To test the relationship between nematode con-
centration and tick mortality, engorged I. scapularis
females were challeged with several nematode con-
centrations: 50, 500, 1,500, and 3,000 infective ju-
venile S. carpocapsae. The infective dose rate was
evaluated by determining the LC^.
To observe the effect of nematodes on the fe-
cundity of I. scapularis females, ticks that survived
nematode infestation and uninfected control ticks
were weighed and placed in separate vials. Forty-
three days after repletion, eggs started to hatch.
Two weeks after hatching, each vial with a hatched
egg mass was weighed and the weight of an empty
vial was subtracted.
To determine the effect of temperature on nem-
atode pathogenicity, engorged /. scapularis females
were incubated with 3,000 infective juvenile S.
carpocapsae at 15, 20, 23.5, 26, and 30°C.
Statistical Analysis.The LC50 was determined
using the Reed-Muench method (Woolf 1968).
Mortality was compared using chi-square tests and
G tests (Sokal and Rohlf 1981). Cumulative mor-
tality through time was compared using Kolmo-
gorov— Smirnov tests. The analysis of variance
(ANOVA) for the fecundity experiment was per-
formed with SYSTAT (SYSTAT 1992) and power
was determined by the technique of Cohen (1988).
Results
Steinernema glaseri and S. carpocapsae were
pathogenic only against engorged females (unen-
gorged females were not affected by S. carpocap-
sae). Furthermore, all engorged larvae and nymphs
molted after exposure to entomopathogenic nem-
atodes. Symptoms of nematode infection in I. sca-
pularis before death included numerous red spots
on the body and stiffening of legs. Dead ticks were
completly red (uninfected ticks were grey). No
complicating infections such as fungal growth were
observed. We observed nematodes entering
through the genital pore, but not through the
mouthparts, the anus or the spiracles (Fig. 1).
Tick mortality resulting from infection by S.
glaseri and S. carpocapsae at a concentration of
500 infective juveniles per petri dish is shown in
Fig. 2. At 18 d after infection, the proportion of
dead I. scapularis females did not differ signifi-
cantly between the 2 nematode species (x2 = 0.14,
df = 1, P = 0.705). Similarly, cumulative mortality
through time did not differ between nematode
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Fig. 1. Infective juvenile S. carpocapsae at the genital pore of an engorged female /. scapularis.
species (Kolmogorov-Smirnov 2-sample test, max-
imum difference = 0.16, P = 0.93).
Xenorhabdus nematophilus was recovered from
cadavers of ticks infested by S. carpocapsae, and
X. poinarii was recovered from ticks infested by S.
glaseri. However, nematodes did not complete
their life cycles inside ticks. Three weeks after
death, no nematodes were found in tick cadavers.
In contrast, when the cuticles of ticks were slit ar-
10 12 14 16 18
Days post-infection
Fig. 2. Mortality of engorged adult female I. scapu-
laris resulting from infection by S. carpocapsae and S.
glazeri.
tificially before infection, both nematode species
completed their cycle, and infective juveniles were
observed.
Mortality of engorged I. scapularis females is
shown at different concentrations of infective ju-
venile S. carpocapsae in Fig. 3. The proportion of
dead ticks after 17 d differed at different concen-
trations (G = 15.216, df = 4, P < 0.005). However,
trials with 50 through 3,000 infective juveniles per
dish formed a nonsignificant subset (G = 2.543, df
= 3, P > 0.3). Thus, mortality of infected ticks
Days post-infection
Fig. 3. Mortality of engorged adult female I. scapu-
laris resulting from different concentrations of S. carpo-
capsae (at 23.5°C).
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'•8
Days post-infection
Fig. 4 . Mortality of engorged adult female I. scapu-
laris after exposure to S. carpocapsae at different tem-
peratures (3,000 infective juveniles per petri dish).
differed significantly from the control, but mortal-
ity did not differ among concentrations. The LC50
was 347.8 infective juveniles per petri dish (con-
taining 5 ticks).
Mortality of adult female I. scapularis chal-
lenged with 3,000 infective juveniles S. carpocap-
sae at different temperatures is shown in Fig. 4.
Overall, the rate of tick mortality differed at dif-
ferent temperatures (G = 24.419, df = 3, P «
0.005), but treatments at 20-30°C comprised a
nonsignificant subset (G = 1.954, df = 2, P > 0.3).
Thus, mortality differed significantly only at the
lowest temperature.
The mean weights of uninfected control ticks
(mean 325.3 mg, n = 15) did not differ signifi-
cantly from that of infected ticks that survived
(mean 293 mg, n = 21) (F = 2.04; df = 1, 34; P
= 0.16). Ten infected females died after laying a
few eggs, none of which hatched.
Fecundity of females that survived nematode in-
festation was measured by weighing the hatched
egg mass (Fig. 5). Overall, there were no signifi-
cant differences among treatments (F = 1.555; df
= 4, 31; P = 0.211), but the ANOVA had low pow-
er (^O^). The weights were normally distributed
(Lillefors probability = 0.315) as were the standard
residuals (Lillefors probability = 0.511), and vari-
ances were homogeneous (Fmax = 5.269; df = 3,
3; P > 0.05). When we combined the infection
treatments to increase the power of the test (Co-
hen 1988), and compared infected ticks, as a
group, with uninfected controls (power =0.61), the
aifference was significant (F = 5.461; df = 4, 34;
P = 0.0255). Therefore, treatment with S. carpo-
capsae lowered fecundity, but there were no clear
differences among different concentrations of
nematodes.
Discussion
Neither S. carpocapsae nor S. glaseri were
pathogenic to immature /. scapularis. In contrast,
1500 3000
Concentration
Fig. 5. Fecundity of surviving /. scapularis (Mean
weight per tick with hatched eggs: mg) after exposure to
various concentrations of S. carpocapsae (0-3000 infec-
tive juveniles per dish).
these nematodes were pathogenic to engorged
adult female ticks. No difference in pathogenicity
was detected between S. carpocapsae and S. glas-
eri against engorged females. Symptoms observed
in infected ticks are similar to those noted by other
investigators (Samish and Glaser 1991).
Our results suggest that the genital pore is a
route of entry for these entomopathogenic nema-
todes. We cannot exclude other routes of entry be-
cause our observations were only intermittent.
However, the inability of nematodes to infect im-
mature ticks is compatible with entry through the
genital pore; the absence of the genital pore may
protect immatures from nematode attack. The lack
of pathogenicity to unengorged females may be ex-
plained by the fact that after engorgement, the
genital pore is everted (Diehl et al. 1982), possibly
allowing the penetration of nematodes.
Penetration of nematodes into other ticks re-
mains controversial. Samish and Glazer (1991) re-
ported that nematodes entered B. annulatus be-
tween the mouthparts. However, for the same tick
species, B. annulatus, Gene's organ was suggested
as the entry point by Mauleon et al. (1993). In
insects, steinernematid infective juveniles use oral
and anal openings as routes of entry (Poinar 1979),
with spiracles as an alternative route (Triggiani and
Poinar 1976, Georgis and Hague 1981, Nguyen
and Smart 1990). Finally, using their dorsal labial
tooth, heterorhabditid nematodes may penetrate
the insect hemocoel through soft intersegmental
areas of the cuticule (Bedding and Molyneux
1982). Therefore, more studies are needed to clar-
ify the route of nematode entry into ticks.
Boophilus annulatus is highly susceptible to stei-
nernematids and heterorhabditids, whereas B. mi-
croplus and A. variegatum are highly resistant to
these nematodes (Mauleon et al. 1993). H. bacto-
riophora is more pathogenic to engorged B. an-
nulatus females than S. carpocapsae (strain DT)
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(Samish and Glazer 1992, Mauleon et al. 1993),
and S. carpocapsae (strain All) is more pathogenic
than S. glaseri (Mauleon et al. 1993). S. carpocap-
sae (strain DT) is more infective to engorged B.
annulatus females than S. carpocapsae (strain All)
(Samish and Glazer 1992). Clearly, susceptibility of
ticks to entomopathogenic nematodes differs for
different species and stages of ticks and nema-
todes.
The fact that Xenorhabdus spp. were recovered
from ticks infected by S. carpocapsae and S. glaseri
suggests that the infection caused tick death, even
though the nematodes did not complete their life
cycles inside the tick. Similar observations were re-
ported for nematode infection of B. annulatus
(Samish and Glazer 1991, 1992; Glazer and Samish
1993; Maule"on et al. 1993). Despite the high sus-
ceptibility of I. scapularis females to S. carpocap-
sae and S. glaseri, deer ticks are not suitable hosts
for reproduction of these nematodes. We report
here for the 1st time that when the tick body is
injured by slitting the cuticle, S. carpocapsae and
S. glaseri successfully complete their life cycle and
produce infective juveniles. Completion of the life
cycle in noninsect hosts is rare for these nema-
todes, even when the host has been killed (Poinar
1989).
The rate of mortality seemed to vary propor-
tionally with nematode concentration (Fig. 4), but
the differences were not statistically significant.
With 500 infective juveniles per petri dish contain-
ing 5 ticks, 5S65% were dead at 17 d after infec-
tion. Compared with other noninsect hosts (for ex-
ample, spiders), which are killed only by relatively
high numbers of infective juveniles (Poinar 1986),
steinernematids are highly pathogenic to I. sca-
pularis.
In earlier studies, mortality of B. annulatus fe-
males reached 100% within 8 d (Samish and Glaz-
er 1992, Mauleon et al. 1993), whereas in our
study mortality of I. scapularis did not reach 100%
even at 17 d after infection. This difference may
not actually reflect differences in susceptibility to
nematode attack because the studies were per-
formed at different temperatures. In the earlier
studies, mortality of B. annulatus was determined
at 26°C, whereas our studies were performed at
23.5°C. The optimal temperature for nematode ac-
tivity is 26°C (Samish and Glazer 1992), and patho-
genicity for /. scapularis declines at lower temper-
atures (Fig. 5). The LCsofor S. carpocapsae (strain
All) was 372 against B. annulatus females (Samish
and Glazer 1992), which was quite similar to the
value of 348 per petri dish for /. scapularis females
in the current study.
Georgis (1990) showed that the optimal tem-
perature for insecticidal activity of steinernematid
and heterorhabditid nematodes falls between 18
and 28°C. High mortality rates of B. annulatus fe-
males were observed at 22 through 26°C (Samish
and Glazer 1992). In our study, acaricidal activity
of S. carpocapsae to 7. scapularis was lowered at
15°C compared with trials at 20-30°C. Therefore,
low temperatures apparently limit acaricidal activ-
ity of these entompathogenic nematode strains.
During the major peak of adult activity of I. sca-
pularis in the northeastern United States (au-
tumn), the ambient temperature is often below
15°C. Thus, acaricidal activity of these entompath-
ogenic nematode strains would probably be seri-
ously compromised by the low temperatures in the
natural environment.
The temperature range of infectivity of a nem-
atode species or strain depends on its native re-
gion. S. feltiae (Filipjev) (strain N60), which is
native to low temperature regions, is very active
between 2 and 20°C. In contrast, Heterorhabditis
sp. Dl, which is native to high temperature
regions, is very active between 26 and 29°C (Kaya
1990). Therefore, it would be worthwhile to test
the pathogenicity of nematode species or strains
native to low temperature regions against I. sca-
pularis.
We measured tick fecundity by the weight of
hatched egg masses and not just by the number of
eggs. Our studies showed a significant difference
in the fecundity of /. scapularis females between
surviving ticks and uninfected control ticks. In con-
trast, Samish and Glazer (1992) found no effect of
nematode infection on egg laying of surviving ticks.
In view of the small sample size in our experiment,
we cannot be certain that nematode infection af-
fected the fecundity of surviving ticks. This subject
deserves further study.
We conclude that under laboratory conditions,
S. carpocapsae and S. glazeri are pathogenic to en-
gorged I. scapularis females. However, it is not
clear whether these nematodes would be effective
against I. scapularis females under field conditions.
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